Pulmonary arterial hypertension (PAH) is a fatal disease associated with severe remodeling of the large and small pulmonary arteries. Increased accumulation of inflammatory cells and apoptosis-resistant cells are contributing factors. Proliferative apoptosis-resistant cells expressing CD133 are increased in the circulation of PAH patients. Circulating cells can contribute to tissue repair via cell fusion and heterokaryon formation. We therefore hypothesized that in the presence of increased leukocytes and CD133-positive (CD133 pos ) cells in PAH lung tissue, cell fusion and resulting genomic instability could account for abnormal cell proliferation and the genesis of vascular lesions. We performed analyses of CD45/CD133 localization, cell fusion, and proliferation during late-stage PAH in human lung tissue from control subjects and subjects with idiopathic (IPAH) and familial (FPAH) PAH. Localization, proliferation, and quantitation of cell populations in individual patients were performed by immunolocalization. The occurrence of cellular fusion in vascular lesions was analyzed in lung tissue by fluorescence in situ hybridization. We found the accumulation of CD45 pos leukocytic cells in the tissue parenchyma and perivascular regions in PAH patients and less frequently observed myeloid cells (CD45/CD11b). CD133 pos cells were detected in occlusive lesions and perivascular areas in those with PAH and were more numerous in those with IPAH lesions than in FPAH lesions. Cells coexpressing CD133 and smooth muscle ␣-actin were occasionally observed in occlusive lesions and perivascular areas. Proliferating cells were more prominent in IPAH lesions and colocalized with CD45 or CD133. We found no evidence of increased ploidy to suggest cell fusion. Taken together, these data suggest that abnormal lesion formation in PAH occurs in the absence of cell fusion. vascular remodeling; chromosomal aneusomy; chimerism; cell fusion PULMONARY ARTERIAL HYPERTENSION (PAH) is often characterized by progressive pulmonary vascular remodeling, a process that contributes to increased pulmonary vascular resistance and ultimately right ventricular failure (24, 40). The vascular remodeling includes intimal thickening and fibrosis, medial hypertrophy, and often adventitial fibroproliferative changes that can be observed at many points along the longitudinal axis of the pulmonary circulation (10, 32, 38, 45) . The mechanisms contributing to the remodeling are complex and may vary depending on the specific vascular compartment or lesion and the potential stimuli involved in initiating or perpetuating the remodeling (8, 24, 29, 32, 38, 45, 58) . However, it is increasingly appreciated that recruitment of inflammatory cells to the pulmonary artery wall occurs in the setting of PAH and that these cells likely play a pathogenic role in the remodeling process observed (18, 24, 32, 46, 50, 54) . Despite this observation, a systemic analysis of cell accumulation in the remodeled vessels of idiopathic (IPAH) or familial (FPAH) PAH has not been performed.
can be observed at many points along the longitudinal axis of the pulmonary circulation (10, 32, 38, 45) . The mechanisms contributing to the remodeling are complex and may vary depending on the specific vascular compartment or lesion and the potential stimuli involved in initiating or perpetuating the remodeling (8, 24, 29, 32, 38, 45, 58) . However, it is increasingly appreciated that recruitment of inflammatory cells to the pulmonary artery wall occurs in the setting of PAH and that these cells likely play a pathogenic role in the remodeling process observed (18, 24, 32, 46, 50, 54) . Despite this observation, a systemic analysis of cell accumulation in the remodeled vessels of idiopathic (IPAH) or familial (FPAH) PAH has not been performed.
Circulating peripheral blood cells have emerged as candidates for both endothelial and smooth muscle cell (SMC) accumulation in vascular diseases affecting both systemic and pulmonary circulations (1, 2, 6, 9, 18, 27, 43, 46 -48, 50, 54) . These circulating precursor cells, bone marrow-derived and hematopoietic in lineage, are capable of contributing to physiological tissue repair and/or pathogenic remodeling. Multipotent mesenchymal stem cells have been identified in peripheral blood (PBMSC) by the ability to form fibroblastic colonies (CFU-F) in culture (7, 21) . Both PBMSC and endothelial progenitor cells share CD133 as a common marker (7, 21) . They may be subfractionated based on CD45, CD34, ␣-smooth muscle actin (␣-SMA), and CD11b expression. The fibrocyte, also a mesenchymal progenitor, forms CFU-F in culture and may be distinguished from the aforementioned populations by the simultaneous expression of leukocytic markers and ␣-SMA or type I collagen (1, 2, 9, 18, 54) . How these cell lineages diverge or may be distinguished during disease when their programs are likely altered remains to be determined.
Infiltrating hematopoietic cells have been implicated in pulmonary vascular remodeling through mechanisms that are incompletely understood (7, 18, 54) . Several possibilities exist, including recruitment of circulating cells that then engraft or localize in recipient tissues. These cells may also contribute to vascular remodeling in a paracrine or proangiogenic fashion by the release of soluble mediators. Still another possibility is fusion with resident cells that then affects cell and vascular function. Transdifferentiation and true plasticity of hematopoietic cells has been called into question due to earlier, less rigorous studies to detect fusion events (14, 17, 22, 23) . Cell fusion by definition results in a heterokaryon with combined donor cell and recipient DNA. The polyploid cell often adopts the recipient cell characteristics as well as function (23, 51) . Through cell fusion (as well as transdifferentiation), bone marrow-derived cells give rise to lung epithelium, cardiac myocytes, hepatocytes, Purkinje neurons, intestinal epithelium, and skeletal muscle (11, 16, 18, 22, 23, 26, 28, 30, 44, 51, 57, 60) . Specifically, myeloid intermediates have been shown to fuse with skeletal muscle during regeneration (11) . However, consequences of cell fusion include genetic instability, abnormal proliferation, and neoplastic transformation (28, 34) . Interestingly, occlusive lesions in PAH have been likened to cancer originating from somatic mutation with disordered angiogenesis and monoclonal cell proliferation (32, 59, 61) . These lesions have been noted to contain apoptosis-resistant cells. These cells have been identified not only in vascular lesions of patients with PAH, but in the circulation as well (32, 36, 61) . Cytogenetic analysis to determine chromosomal content and the identification of vascular cell fusion with hematopoietic cells in lesions of human subjects with PAH has not been performed.
The purpose of this study was therefore to determine whether cells expressing cell surface markers compatible with progenitor cells accumulate in the vessels of patients with either IPAH or FPAH. Additionally, if such cells were identified, we sought to determine whether they might affect resident cell function or vascular remodeling through the process of cell fusion. Our approach was to analyze human IPAH or FPAH and non-PAH control lung tissue by analyzing small pulmonary arteries and small vessel occlusive lesions for the presence of leukocytes (CD45), CD133 cells, and a leukocytic subset, myeloid (CD45/CD11b) cells. We also performed cytogenetic analyses in lung tissue and aforementioned vessels to determine ploidy and sex-mismatched cellular chimerism. Proliferation was evaluated by quantitating Ki67 reactivity and colocalization with CD45 and CD133 or ␣-SMA. RM-9106-S; Lab Vision/NeoMarkers), the proliferation antigen. Controls for analyses included a secondary antibody only. Fluorescentstained slides were photographed, quantitated, and restained with Ki67 using diaminobenzidine (DAB) detection to colocalize hematopoietic cells with proliferation. CD45, CD133, and proliferation were quantitated by scanning 35-50 random fields of view to identify a minimum of 10 -12 vessels and occlusive lesions per specimen. Each was counted independently in a blinded manner using a ϫ40 or ϫ20 objective. Quantification of the parenchyma was performed using the ϫ40 objective. Data are presented as means Ϯ SE. Statistical analysis was performed by conducting ANOVA followed by a t-test with Tukey adjustment using JMP Statistical software (version 5; SAS Institute, Cary, NC). Images were captured using a Nikon Eclipse 90i/DSFi-1 with NIS-Elements Imaging Software. Cytogenetic assay and analysis of vascular cell ploidy. Arterial lesions were identified as lesions consisting of a small, thickened, remodeled vessel associated with a terminal bronchiole. Occlusive lesions were identified as "fingerprint-like" occluded spiral vessels. Both lesion types consisted of smooth muscle, endothelial, and adventitial cells and fibroblasts. The histological lesions in each H&E section were numbered, and their microscope coordinate locations were identified. Next, each of these lesions was identified on the matched slide used for fluorescence in situ hybridization (FISH) assay. Complete analysis was conducted on 10 PAH specimens in 4 -6 areas per specimen with 10 -45 cells analyzed per area. In addition, 5 areas with histologically normal lung tissue and vasculature were selected and analyzed as controls for chromosomal gain and loss variability. In some areas, presence of collagen material in association with the thickened vessel walls and high level of nucleus overlapping within the lesions had decreased the number of cells that could be confidently analyzed. These problems especially affected the inner most cells of the occlusive lesions and the overlapping SMC commonly localized in the medial and adventitial regions.
METHODS

Human
To assess chromosomal aneuploidy in the lesion cells, not specific allelic gain or loss, formalin-fixed, paraffin-embedded tissue sections of pulmonary hypertension were subjected to FISH assay with the multicolor, four multitarget (4 specific loci on chromosomes 5-8) LAVysion probe (Vysis/Abbott Molecular) following a previously published protocol (28) . The chromosome 6 probe is centromeric, uncoded sequences only used to assess chromosome copy number. Specific arterial and occlusive lesions were identified on the H&E-stained sections that were serial to the sections used for chromosomal analyses.
Any inconsistencies from diploid in the analysis of chromosomal markers presented may be due to simple technical limitations. In diploid cells, two copies of each target gene on specific chromosomes were expected. However, we (8) have previously shown that because the mean diameter of nuclei is greater than the sectioning width of 5 m, truncation of the nuclei occurs and results in target copy numbers of less than two per cell even in normal samples. In these biological specimens, there were also cells undergoing division, and between growth 2 (G 2) and anaphase stages of cell division, four copies of each target can be detected in a normal cell. In addition, poor hybridization efficiency can mimic loss of signals, whereas high background noise of the hybridization can mimic gain of signals. Overlapping cells and areas of fibrosis with matrix deposition were excluded from analysis due to overlapping signal or poor hybridization.
Cytogenetic assay of male cell chimerism in female PAH patient tissue. Fluorescent in situ hybridization was performed to detect X and Y chromosomes and male-female chimerism. Formalin-fixed, paraffin-embedded, unstained sections of prostate control, three Fig. 1 . Quantification of CD45-, CD133-, and Ki67-positive cells in human pulmonary arterial hypertension (PAH) lung tissue. CD45, CD133, and Ki67 were localized in human lung tissue by antibody staining. Colocalization with vascular structures was performed by costaining with ␣-smooth muscle actin (␣-SMA). 4Ј,6Ј-Diamidino-2-phenylindole (DAPI) was used as the nuclear stain. Thirty-five to fifty random fields of view (FOV) were scanned to identify a minimum of 10 -12 vessels and occlusive lesions per specimen. Each FOV was counted in a blinded manner using a ϫ40 or ϫ20 objective. Data are presented as means Ϯ SE counted by diagnosis. Groups were distinguished as: control (C), white; idiopathic PAH (iPAH), gray; and familial PAH (fPAH), black. *Indicates difference from control P Ͻ 0.05 unless indicated with a bar. **P Ͻ 0.01; ***P Ͻ 0.001. lung controls of unknown sex, three female FPAH patients with no male offspring, and three female PAH patients with male offspring were submitted to a FISH assay, as described for ploidy analysis, with the chromosomal enumeration DNA probe kit CEPX SO/ CEPY SG (Abbott Molecular). The probe set consists of two DNA targets differentially labeled: satellite III DNA from Y chromosome labeled in green and ␣-satellite sequences of X chromosome labeled in red. Initial analysis was performed on the prostate control to verify the hybridization efficiency of the probe set, including the signal enumeration in 50 interphase nuclei. In the other specimens, first the pulmonary hypertension lesions were scanned for the presence of fluorescent signals indicating X and Y chromosomes. The entire hybridization areas were ultimately scanned for presence of Y chromosome signals in every lung specimen. Chromatin was counterstained with 4Ј,6Ј-diamidino-2-phenylindole (DAPI; 0.3 g/ml in Vectashield Mounting Medium; Vector Laboratories). Analysis was performed on an epifluorescence microscope using single interference filters sets for blue (DAPI), green (FITC), and red (Texas red) band pass filters.
RESULTS
Localization of CD45-positive leukocyte, CD45-/CD11b-positive myeloid, and CD133-positive cells to remodeled vasculature in late-stage human PAH.
We analyzed lung tissue from human IPAH, FPAH, or control non-PAH patients using immunostaining to localize CD45, CD133, and ␣-SMA in the general parenchyma, in perivascular regions, and in the more general parenchyma. Quantification was performed on individual patients, and the results by group are summarized as means Ϯ SE in Fig. 1 . Results per individual patient were presented in Supplemental Tables 1  and 2 (available in the data supplement online at the AJPLung Cellular and Molecular Physiology web site). Control non-PAH tissue was analyzed as a reference for the presence of perivascular, vascular, and parenchymal CD45 or CD133. Of note, some control lung tissue was obtained from patients of advanced age with inflammatory diseases such as Fig. 2 . Leukocytes localized to occlusive lesions and areas of smooth muscle hypertrophy in human PAH lung tissue. Hematopoietic cells were identified in lung tissue by antibody staining to detect CD45 and vascular structures by ␣-SMA. DAPI was used as the nuclear stain. Large normal vessels and tissue (A-D) had less CD45 reactivity than the PAH vessels and parenchymal tissue (E-H). Arterioles from PAH tissue (M-P) had CD45 localized to the smooth muscle layers, whereas none was detected in the control (I-L). High levels of CD45 expression were detected in occlusive lesions (Q-T). Scale bars ϭ 75 m. Insets: enlarged panels of CD45 staining. chronic obstructive pulmonary disease (COPD) that was remodeled and contained a high level of infiltrating cells, including erythrocytes. The data for individual patients including pathology, familial mutation, and treatment if available are presented in Table 1 . Quantification of CD45 and CD133 relative to the vascular structures, identified by ␣-SMA to define SMC layers, was analyzed as mean Ϯ SE and is presented in Fig. 1 and Supplemental Tables 1 and 2. CD45 staining in control non-PAH lung tissue was localized to the tissue parenchyma and the adventitial layer of vessels (Fig. 2, A-D and I-L) . Expression of CD45 in PAH patients varied depending on the vessel size and type of remodeling. In the PAH patients, CD45 staining was consistently present in the parenchyma and in perivascular areas. In the larger vessels (greater than 200 m diameter), CD45 staining was present in the adventitia (Fig. 2, G and H) . In the smaller caliber vessels (20 -200 m diameter), CD45 was present in the lumen, infrequently in the smooth muscle layers and in the adventitia (Fig. 2, M-P) . Occlusive lesions often exhibited higher levels of CD45 expression than the small caliber vessels (Fig. 2 , Q-T). IPAH tissue exhibited greater levels of CD45 immunolocalization than FPAH and control. Colocalization of CD45 and ␣-SMA was observed only as a rare event in the specimens analyzed (Fig. 2, D, H, L, P, and T) . Myeloid cells were identified by colocalization of CD45 and CD11b (Supplemental Fig. 1 ) because they are known leukocytic subsets that participate in fusion as a means of tissue engraftment (11) . Low levels of CD45-/CD11b-positive cells were detected in the large and small vessel adventitia of PAH vessels (Supplemental Fig. 1, A-H) .
CD133-positive cells were detected at varying levels in control lung tissue (Figs. 1 and 3, A-D and I-L) . In IPAH tissue, CD133 was consistently present in the lung parenchyma. In the larger vessels (greater than 200 m diameter), CD133 staining was present in the intima of some vessels (Fig.  3, E-H) . In the smaller caliber vessels (20 -200 m diameter), CD133 was present in all layers (Fig. 3, M-P) to varying degrees. Occlusive lesions exhibited high levels of CD133 expression within the lesion and in perivascular tissues (Fig. 3 , Q-X). Overall, IPAH tissue had much higher levels of CD133 localization than FPAH subjects. Colocalization of CD133 and ␣-SMA was observed as a rare event in the specimens analyzed 
cells (E-H; G, inset, enlarged intimal area).
Arterioles from PAH tissue (M-P) had CD133 localized both adjacent to and infiltrating the smooth muscle layers. High levels of CD133 expression were detected within and adjacent to occlusive lesions (Q-X). CD133 coexpression with ␣-SMA was detected and indicated by yellow in the merged panels. Scale bars ϭ 75 m.
( Figs. 1 and 3 , D, H, L, P, T, and X). These double positive cells were identified at low levels in the parenchyma, associated with small vessels and occlusive lesions in both IPAH and FPAH specimens. CD45 did not consistently colocalize with CD133 ( Supplemental Fig. 2, G and H) .
Proliferation was variable in vascular lesions and associated cells.
The presence of CD45-and CD133-positive cells in the PAH tissue were associated with changes in structure not present in the controls. We therefore analyzed whether the presence of these cells in the vessel adventitia affected resident cell proliferation. Abnormal proliferation of endothelial cells and SMC has been described as characteristic of PAH. Therefore, we analyzed proliferating cells in PAH and control lung tissue by immunoreactivity for Ki67 and summarized the results in Fig. 1 . Ki67-positive cells were detectable in the adventitia and perivascular regions of small pulmonary arteries in IPAH tissue but largely absent in remodeled medial SMC layers (Fig. 4) . The levels of proliferation varied among IPAH patients but were present in the parenchyma and both adventitial and intimal portion of lesions (Fig. 5) . Very little proliferation was associated with occlusive lesions in FPAH patients. Proliferation was not a major component in the majority of vascular lesions in the PAH patients.
Ploidy of cells in vascular lesions. Cells can contribute to remodeling either by cell fusion as opposed to differentiation into an endothelial or smooth muscle-like cell. Fusion is detectable by measuring increased copy number of chromosomes in cells or tissue. Vascular lesions in human lung tissue specimens from control (n ϭ 2), FPAH (n ϭ 5), and IPAH (n ϭ 5) were analyzed and quantified for increased chromosomal content, or ploidy, to determine whether cell fusion was present in the lesions (Fig. 7, Supplemental Tables 4 and 5) . Serial sections from areas analyzed by FISH were stained with H&E (Fig. 6, A and B) or CD45 and ␣-SMA (Fig. 6, G and H) . Representative images colocalize medial thickening (Fig. 6, C and E) or occlusion (Fig. 6, D and F) with the FISH probes illustrating the presence of diploid cells in the remodeled regions. Proliferation was not detected in the medial layers, however, many cells in the perivascular region were reactive for Ki67 (Fig. 6I, arrows) . Occlusive intimal lesions contained proliferating cells, which localized to areas of CD45 expression (Fig. 6J) . The statistical analysis of chromosomal ploidy for PAH patients were within the normal expected range of loss and gain determined by mean Ϯ 2 SD. These findings indicated that cells in the arterial and occlusive lesions in specimens from all patients had normal chromosomal ploidy (Fig. 7) .
In diploid cells, two copies of each DNA target were expected. To investigate whether these deviations from diploidy in the PAH areas indicated chromosomal (or allelic) gain or loss, we analyzed statistical indices for each type of lesion, combining multiple lesions and distinct specimens (Supplemental Table 4 ). The highest and lowest mean were deter- Fig. 6 . Cells present in PAH vascular lesions had normal ploidy. Remodeled arterioles with SMC hypertrophy (A) and intimal occlusive lesions (B) were identified in human lung tissue specimens by H&E stain. Serial sections were then analyzed for ploidy using chromosome probe sets (C-F) and CD45 (red) and ␣-SMA (green) expression (G and H). Boxes in C and D were enlarged to E and F where fluorescence in situ hybridization probe sets may be visualized in the nuclei. Magnification, ϫ20. I and J: corresponding Ki67 stain on serial sections. Arrows point to areas of positive Ki67-stained nuclei. mined, and SD values for each target among all control and all PAH areas as well as the mean and SD for the combined control areas and the mean Ϫ 2 SD and the mean ϩ 2 SD. Inconsistencies regarding the diploid content may occur due to technical artifacts such as nuclear truncation or overlapping or to cell cycle between G 2 and anaphase stages of cell division.
Sex-mismatched chimerism in female PAH patients with male offspring. To determine whether any cells in PAH vascular lesions were derived from circulating cells, we analyzed lung tissue of female FPAH patients who had given birth to male offspring (sex-mismatched transplant tissue would be ideal but is unavailable). The efficiency of Y chromosome detection in prostate tissue was 50 -60%, within the range of detection for this technology (4) . Female patients with systemic lupus erythematosus who have borne male offspring demonstrate protective chimerism in tissues undergoing remodeling and repair (31, 41) . However, we did not detect any Y chromosome in the PAH tissue tested (Supplemental Fig. 3 ). No indication of chimerism for sex chromosomes was found.
DISCUSSION
In these studies, we sought to analyze the presence of circulating cells and ploidy of cells relative to vascular lesions in human PAH tissue to determine the likelihood that lesions had arisen as a result of progenitor fusion with resident vascular cells. We found that CD45-and CD133-positive progenitor cells were detected in greater numbers in occlusive lesions, in the adventitia of remodeled large and small arteries, and in the lung parenchyma of PAH tissue compared with control lung tissue. Our chromosomal analyses indicated that ploidy was diploid in all vascular lesions analyzed, supporting the conclusion that abnormal cell differentiation or proliferation, or secretion of paracrine factors but not cell fusion, contributes to remodeling in PAH. This is the first study to demonstrate that fusion is likely not an important contributor to pulmonary vascular remodeling in PAH.
The contribution of cells expressing CD45 to vascular lesions in PAH may derive from the circulation and/or those resident within the lung tissue. A small number of CD45-positive cells reside adjacent to the adventitial layer in the vessel wall as part of a vascular progenitor cell niche (62) . An additional source of resident lung vascular endothelial progenitors with mesenchymal stem cell characteristics is the Hoechst low lung side population of cells (25, 35) . Apoptosis-resistant, proliferative circulating CD133 cells increase during human IPAH (7) . As anticipated, the number of vascular-associated CD45/SMA neg cells indicative of inflammatory processes was greater in both IPAH and FPAH patients compared with control, with IPAH increased to a greater degree than FPAH. The most likely explanation for the increase in IPAH over FPAH patients was the difference in treatment regime; the FPAH patient samples were primarily from the pre-prostacyclin era, whereas the IPAH patients had almost all been treated with Flolan, which has been reported to strongly increase number of inflammatory cells (5) . CD133 was detectable in PAH occlusive lesions and in the intima of large vessels. CD133/␣-SMA cells were also identified and may represent a "transitional phenotype" indicative of injury or a transdifferentiation event. Transdifferentiating and migrating endothelial cells express ␣-SMA (14, 17) . It is possible that the CD133 cells may also decrease expression of CD45 in tissue.
CD45 and CD133 cells may function in a paracrine manner regulating proliferation, inflammation, and vascular cell differentiation (3, 13, 19, 20, 49) . We therefore analyzed proliferation in the PAH tissue and found Ki67 expression correlated with the numbers of CD45-and CD133-positive cells in occlusive lesions (P Ͻ 0.001 by correlation z-test) and trends toward correlation in the perivascular regions and parenchyma (P ϭ 0.10 and 0.07, with correlations of 0.46 and 0.53, respectively). This observation may explain why the IPAH patients had the highest levels of proliferation. The aforementioned were in contrast to the ␣-SMA-positive SMC, which did not demonstrate any significant Ki67 expression. Because the lungs were obtained from end-stage patients with late-stage disease undergoing drug therapy, we may have missed early proliferation events contributing to the remodeling and occlusion of the vessel lumens. Along the same line, these patients with end-stage disease may be past the point where active proliferation is occurring and cells are all terminally differentiated. Alternatively, proliferation appears to localize to infiltrating cells, which may be inflammatory and influence migration or differentiation of vascular cells from other areas of tissue in the absence of significant vascular proliferation. Perhaps early-stage vascular remodeling in PAH is the result of a combination of both scenarios. The PAH-associated increase in CD45 and CD133 cells suggested that cell-to-cell fusion events may be present (11, 16, 22, 23, 26, 28, 30, 44, 51, 57, 60) and contributing to the remodeling. We therefore analyzed ploidy in cells comprising vascular lesions in human PAH tissue because any cellular fusion event would result in at least twice the chromosomal content (4 N). Fusion can result in genetic changes that confer selective growth advantages as well as microsatellite instability, point mutations, allelic imbalance, and loss of heterozygosity (28, 33, 37-39, 42, 52, 53, 56, 61) . The result of such changes are uncoupling from normal checkpoint apoptosis, germ-line mutation, or hypermethylation, which could in part explain why apoptosis-resistant cells exist in PAH. Following heterokaryon formation, chromosomal loss is random (22, 23) . Therefore, the use of four unrelated chromosomal targets increased the detection efficiency for polyploidy as well as reductive division and a random chromosomal loss. We did not detect any amplification in IPAH or FPAH specimens of the genes analyzed. However, if fusion occurs, there are a few scenarios under which it may not be detected. These scenarios include loss of CD45, heterokaryon apoptosis while affecting inflammation via efferocytosis or lack thereof, and the possibility that heterokaryons may undergo reductive divisions and be therefore completely undetectable in the absence of a stable donor marker. Our studies demonstrated the chromosomal content of vascular lesions in PAH samples to be diploid suggesting any genetic instability (33, 37, 39, 42, 52, 53, 56) , and proliferative advantage in the tissue was not the result of aneuploidy, which has also been demonstrated in cancer (12, 15) . If a "neoplastic switch" has occurred, it did not involve genes typical to lung cancer (28, 55) .
These studies do not distinguish whether the changes described are part of the central pathogenesis, a response to it, or simply a marker of disease. A more detailed characterization of the origin of cellular components in vascular lesions in PAH is necessary. Because of the complexity of the vascular lesions and limitations of studying human tissue from end-stage disease, our studies cannot determine the specific cellular mechanisms of PAH disease. Future studies using stable chimeric rodent or large animal models of PAH may provide insight into the role of hematopoietic cells and temporal proliferation in vascular lesions and are warranted to clarify this issue. Rodent models, which recapitulate vascular remodeling and intimal lesions present in human PAH disease, may be exploited as recipient hosts for labeled donor bone marrow. In parallel, human hematopoietic cells may be introduced into immunocompromised rodents, and their fates mapped. These models will provide insight into the hematopoietic lineage and paracrine roles of cells present in vascular lesions.
In conclusion, we have demonstrated that although CD45-and CD133-positive cells are present in and associated with vascular lesions in human PAH, the lesions themselves do not arise from fusion of existing vasculature with candidate infiltrating cells. The proliferation and differentiation states of the cells present in these lesions may arise as a consequence of abnormal vascular cell-to-cell interaction, transdifferentiation, as well as recruitment of circulating or local progenitors. Fusion may occur at low frequency but is not likely a contributing factor to the onset of vascular remodeling.
